The 2015 release of the precipitation climatology from the Global Precipitation Climatology Centre (GPCC) for 1951-2000, based on climatological normals of about 75,100 rain gauges, allows for quantification of mean land surface precipitation as part of the global water cycle. In GPCC's 2011-release, a bulk climatological correction was applied to compensate for gauge undercatch. In this paper we derive an improved correction approach based on the synoptic weather reports for the period 1982-2015. The compared results show that the climatological approach tends to overestimate the correction for Central and Eastern Europe, especially in the northern winter, and in other regions throughout the year. Applying the mean weather-dependent correction to the GPCC's uncorrected precipitation climatology for 1951-2000 gives a value of 854.7 mm of precipitation per year (excluding Antarctica) or 790 mm for the global land surface. The warming of nearly 1 K relative to pre-industrial temperatures is expected to be accompanied by a 2%-3% increase in global (land and ocean) precipitation. However, a comparison of climatology for 30-year reference periods from 1931-1960 up to 1981-2010 reveals no significant trend for land surface precipitation. This may be caused by the large variability of precipitation, the varying data coverage over time and other issues related to the sampling of rain-gauge networks. The GPCC continues to enlarge and further improve the quality of its database, and will generate precipitation analyses with homogeneous data coverage over time. Another way to reduce the sampling issues is the combination of rain gauge-based analyses with remote sensing (i.e., satellite or radar) datasets.
Introduction
Gridded data sets of long-term mean (climatological) precipitation help to quantify the mean characteristics of the global water and energy cycle and its changes in the context of climate change. In December 2011, the Global Precipitation Climatology Centre (GPCC) released the previous version of its precipitation climatology [1] , based on climatological normals of about 67,200 stations and came up with a (at that time) best estimate for the mean precipitation over the global land surface of 786 mm per year [2] .
Since then, the GPCC has further improved and enhanced its database by adding, besides an additional level of quality-control, more precipitation data, so that the most recent release of the precipitation climatology dataset [3] is based on about 75,100 stations with climatological normals in the GPCC's database (see Section 2) . The quality-control (QC) processing of the Full Data Base of the GPCC described in [2] has been repeated for the new release, and the data screening has been further improved.
Verifying the locations for the additional island/atoll regions mentioned before in the process of integrating the station data into GPCC's database management system revealed that the old, much The quality-control (QC) processing of the Full Data Base of the GPCC described in [2] has been repeated for the new release, and the data screening has been further improved.
Verifying the locations for the additional island/atoll regions mentioned before in the process of integrating the station data into GPCC's database management system revealed that the old, much The quality-control (QC) processing of the Full Data Base of the GPCC described in [2] has been repeated for the new release, and the data screening has been further improved. Verifying the locations for the additional island/atoll regions mentioned before in the process of integrating the station data into GPCC's database management system revealed that the old, much coarser land mask was missing a considerable number of islands/atolls. Therefore, a significantly improved land mask was constructed by combining those of the Global Land Data Assimilation System (GLDAS) [16] and the International Satellite Land-Surface Climatology Project Initiative II (ISLSCP II) [17] .
The New 2015 Release of Precipitation Climatology from the GPCC and Comparison to the 2011 Release

New 2015 Release of GPCC's Precipitation Climatology
As described in [2] for the 2011-release, the new 2015 version of the Global Precipitation Climatology [3] keeps its focus on the reference period 1951-2000, but now consists of normals from about 75,100 stations, constituting an increase of almost 8000 climatology-relevant stations. The climatology comprises normals collected by the WMO [18] , delivered by the countries to GPCC or calculated from the time-series of monthly data available in the GPCC database.
In the case that time series of sufficient lengths (at least 40 years) for the period 1951-2000 were not available from a specific station, climatological normals were also been calculated for 30-year reference periods within the period 1951-2000 (for 1961-1990, 1951-1980 or 1971-2000) with at least 20 years of data. If even this was not possible for a station, then normals were calculated for other 30-year periods: 1931-1960, 1941-1970 or 1981-2010 or for any other period with at least 10 complete years of data. Figure 3 displays the climatological mean precipitation for July as an example.
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In the case that time series of sufficient lengths (at least 40 years) for the period 1951-2000 were not available from a specific station, climatological normals were also been calculated for 30-year reference periods within the period 1951-2000 (for 1961-1990, 1951-1980 or 1971-2000) with at least 20 years of data. If even this was not possible for a station, then normals were calculated for other 30-year periods: 1931-1960, 1941-1970 or 1981-2010 or for any other period with at least 10 complete years of data. Figure 3 displays the climatological mean precipitation for July as an example. 
Comparison of the 2015 Release to the 2011 Release
A significantly improved land mask was constructed by combining the land masks of GLDAS [16] and ISLSCP II [17] ; in addition, island stations missing in both land masks have been added after a manual check of the station location with other geographical information sources.
Not surprisingly, the differences between the two releases of the GPCC's precipitation climatology are largest where significant amounts of station data have been added, as illustrated by 
Not surprisingly, the differences between the two releases of the GPCC's precipitation climatology are largest where significant amounts of station data have been added, as illustrated by Figure 4a -c showing the absolute differences (mm) between the 2015 and 2011 releases of the climatology for January, July, and the entire year. While there are larger, but mostly spotty, differences in the individual months across regions like Brazil, Colombia, Mexico and Indonesia where significant amounts of station data have been added (see Figure 4a ,b), the differences over the year are generally small (Figure 4c) . Notwithstanding, the annual differences are only significant across Mexico, western Colombia and Indonesia. Figure 4c also indicates the significant enhancement of the new land mask utilized in the 2015 release by highlighting (in dark blue) the differences with respect to the coarser 2011 version, mainly adding a lot of islands/atolls that were missing in the old land mask.
The average annual total precipitation value-without correction for the gauge-undercatch error that will be discussed in Section 4-over the land surface for 1951-2000 is now 793.6 mm, with a 0.5 • spatial resolution (based on 75,100 stations), which is slightly higher than in the 2011 release with a value of 791.8 mm (based on 67,200 stations). Due to the, in general, small-scale nature of extreme precipitation events, a denser (coarser) station network enhances the chances to catch (miss) such extreme events, leading to a tendency towards slightly higher precipitation values with an increasing number of stations in the precipitation climatology, in particular in regions with an abundance of convection. In the periods 1931-1960 and 1941-1970 , there are larger differences compared to the 1951-2000 precipitation climatology over South America, where it is drier, particularly over the Andes. More rainfall occurred during both periods over West Africa (including Sahel) whereas contrasting deviations are found over Southeast Asia and especially Indonesia. The positive differences over the Tibetan/Himalayan region are probably caused by the interpolation of the scarce data in the topographically highly structured region in these early periods. In 1931-1960 more precipitation was observed across the anyway very humid Alaska panhandle. The positive rainfall anomalies observed over West Africa in the early periods decreased in the period 1951-1980, and diminished thereafter. This reflects the long-term precipitation variations over West Africa and Sahel described by Nicholson [19, 20] . The negative anomalies in Central Africa for 1971-2000 and 1981-2010 are not reliable; especially over Angola and the Democratic Republic of Congo; this may be due to the absence or scarcity of data over the last decades.
The Hovmoeller diagrams in Figure 6 show the mean annual cycle of the climatological zonal mean precipitation for 1951-2000 (leftmost) in comparison to the other six 30-year reference periods analysed with decadal updates starting from 1931-1960. Most obvious is the weak but steady increase of observed precipitation at northern hemispheric high latitudes. Part of this may be obscured by the very scarce data coverage over Greenland (there are only a few precipitation stations at the coast, but none inland), but part of this may be real and caused by the increase in temperature at high latitudes. A combination of factors might have caused this: the increased temperatures reducing sea ice coverage, especially in summer, will result in more evaporation from open water. Moreover, an increased fraction of liquid and mixed precipitation phase with increasing temperatures might also have factored in. The observed increase is in agreement with the increased precipitation found in model simulations in high latitudes, particularly in the northern winter [21] . Over the high southern latitudes precipitation has decreased over the more recent decades since 1961-1990, which is reflected in Figure 5 in the decreased precipitation in particular over southern Chile (negative anomalies). analysed with decadal updates starting from 1931-1960. Most obvious is the weak but steady increase of observed precipitation at northern hemispheric high latitudes. Part of this may be obscured by the very scarce data coverage over Greenland (there are only a few precipitation stations at the coast, but none inland), but part of this may be real and caused by the increase in temperature at high latitudes. A combination of factors might have caused this: the increased temperatures reducing sea ice coverage, especially in summer, will result in more evaporation from open water. Moreover, an increased fraction of liquid and mixed precipitation phase with increasing temperatures might also have factored in. The observed increase is in agreement with the increased precipitation found in model simulations in high latitudes, particularly in the northern winter [21] . Over the high southern latitudes precipitation has decreased over the more recent decades since 1961-1990, which is reflected in Figure 5 in the decreased precipitation in particular over southern Chile (negative anomalies). The summer maximum, related to the Asian summer monsoon, seems to be slightly reduced during the most recent 30-year reference periods. One reason might be the more frequent occurrence of El Niño/Southern Oscillation (ENSO) events during the last decades, which generally are accompanied by a weakened Indian and South East Asian summer monsoon [22, 23] . 1931-1960, 1941-1970, 1951-1980, 1961-1990, 1971-2000 and 1981-2010. The summer maximum, related to the Asian summer monsoon, seems to be slightly reduced during the most recent 30-year reference periods. One reason might be the more frequent occurrence of El Niño/Southern Oscillation (ENSO) events during the last decades, which generally are accompanied by a weakened Indian and South East Asian summer monsoon [22, 23] . Figure 7 shows the mean annual cycle for the global land surface for the reference periods 1931-1960 to 1981-2010. The mean precipitation varied between 58 and 64 mm per month from January to May, increased up to about 68 mm in June and reached a maximum of 78 to 79 mm in July and August caused by the Asian summer monsoon. Thereafter, the mean precipitation decreased with a minimum of about 58 mm in November.
frequent occurrence of ENSO events during the last decades being often accompanied by a weakened Indian and Southeast Asian summer monsoon. The numbers of climatological normals for the different reference periods are also given in Figure 7 
Weather-Dependent Correction of the Systematic Gauge-Measuring Error for 1982-2015
The methodology described in [7, 9] was implemented at the GPCC [6] and allows for the calculation of a weather-dependent correction for the systematic gauge-measuring (undercatch) error by using the synoptic weather reports exchanged via the WMO's Global Telecommunication System (GTS) that are received at Deutscher Wetterdienst (DWD) in Offenbach.
Previously, the improved undercatch correction factors had been available at GPCC only from 2007 onwards; to overcome the uncertainties of the bulk climatological correction L&W1990 [8] the GPCC evaluated the SYNOP reports for the entire period back to 1982; before that the synoptic station database was too poor to provide reliable results.
The weather-dependent correction of the systematic gauge-measuring error for 1982 to 2015 is calculated on the basis of the method using the weather information from the SYNOP stations distributed via WMO's GTS system [6, 7, 9] . The weather information from the SYNOP reports has been first aggregated for the day and finally over the month to provide the monthly correction factors for each station. Finally, the monthly correction has been interpolated for a 0.5° grid by using the modified SPHEREMAP method described in [10] , also used in the interpolation for GPCC's gridded monthly precipitation datasets. Figure 8 shows the correction factors for compensating the systematic gauge-measuring error for the GPCC method (left) averaged for the period 1982-2015 and (right) from L&W1990 for January, April, July and October. Owing to significant errors in the SYNOP reports for some Greenland stations in December 2013, January, October and December As mentioned above, due to the general small-scale nature of extreme precipitation events, the reference period specific number (and spatial distribution) of stations has an effect on the corresponding global averages that is hard to quantify and will be discussed in the conclusions.
The weather-dependent correction of the systematic gauge-measuring error for 1982 to 2015 is calculated on the basis of the method using the weather information from the SYNOP stations distributed via WMO's GTS system [6, 7, 9] . The weather information from the SYNOP reports has been first aggregated for the day and finally over the month to provide the monthly correction factors for each station. Finally, the monthly correction has been interpolated for a 0.5 • grid by using the modified SPHEREMAP method described in [10] , also used in the interpolation for GPCC's gridded monthly precipitation datasets. Figure 8 shows the correction factors for compensating the systematic gauge-measuring error for the GPCC method (left) averaged for the period 1982-2015 and (right) from L&W1990 for January, April, July and October. Owing to significant errors in the SYNOP reports In Figure 9 the absolute differences (in mm) between the GPCC's correction (according to [6] ) averaged for the period 1982-2015 and from L&W1990 are shown for January, April, July and October and for the year. It is obvious that the L&W1990 bulk correction results in too high correction values for Central and Eastern Europe, including the BALTEX area, especially in the northern winter, which is in agreement with the findings for the years 1996 and 1997 [6, 7] . L&W1990 also overestimate the gauge-correction in Central and Southern Africa, and over all of South and Central America, including the LBA region throughout the year (also in agreement with [7] ). Over Canada, however, L&W1990 has almost no correction and significantly underestimate the systematic gauge-measuring error.
Fig. 9
Year January April July October Figure 9 . Absolute differences (mm) between correction terms for the systematic gauge-measuring error according to GPCC and L&W1990 for January, April, July, October and the year.
From L&W1990, there are two different dataset versions available, one as measured, and the other including a correction for the gauge undercatch. Therefore, the correction can be calculated in two different ways, as an additive correction term (the difference between both versions) or as a correction factor-derived as ratio of the corrected dataset to the measured one.
A simple example illustrates why application of the additive approach is not recommended: A correction of 5 mm with a measured precipitation of 50 mm (10%) in any place around the world in a given month (i.e., January) could lead to an unrealistically high/low correction of 50%/5% for dry/wet conditions, respectively with 10 mm/100 mm of precipitation in another January in the same place. However, applying the correction factor at 10% always will give a more realistic correction, (1 mm or 10 mm for the dry/wet conditions, respectively). Therefore, we strongly recommend utilizing the approach using the correction factors, as it is applied in the datasets of the Global Precipitation Climatology Project (GPCP) [24, 25] .
The monthly correction factors for the systematic gauge-measuring error, as well as the precipitation phase (liquid, mixed or solid), are provided in conjunction with the monthly precipitation data of the GPCC's Monitoring Product available via GPCC's homepage. Figure 10 shows the average portion of the precipitation phases (liquid, solid, mixed) over the entire period 1982-2015. Averaging the GPCC's land surface weather-dependent correction month-by-month for the global land surface (excluding Antarctica) and over the entire period 1982-2015 provides the mean correction factors in Table 1 for each calendar month and the entire year. Averaging the GPCC's land surface weather-dependent correction month-by-month for the global land surface (excluding Antarctica) and over the entire period 1982-2015 provides the mean correction factors in Table 1 for each calendar month and the entire year. The correction factors for the global land surface averaged over the entire period 1982-2015 vary between only 1.035 and 1.04 (correction of 3.5% to 4%) in summer (June to September), but are highest in winter with 1.083 to 1.084 (correction of 8.3% to 8.4%) in December and January. On average, the correction for the year is 7.7%, somewhat lower than the 8.9% of L&W1990 [8] , but in the same range if 85% of L&W1990's correction is applied [2] yielding an average correction of 7.56%. It should be kept in mind that the relative gauge undercatch can be significantly higher than the average in northern high latitudes (i.e., snowfall), where it is often relatively dry (up to 50% or more than 100% in individual events), whereas it is relatively small for most low-latitude regions.
Lacking further information about the weather-dependent correction factors before 1982, we applied the weather-dependent correction factor 1.077 derived from the synoptic weather reports for the period 1982-2015 to the GPCC's precipitation climatology for the period 1951-2000 (793.6 mm per year). This led to an average gauge-corrected land surface precipitation of 854.7 mm per year (excluding Antarctica).
Using the estimate for Antarctica of 166 mm per year based on net surface mass balance [26] results in a mean precipitation estimate for the total land surface (incl. Antarctica) of 790 mm (area weighting according to Table 2 in [2] . In the next chapter it will be discussed how this fits into the global water cycle.
The Hydrological Cycle over Land as Evaluated from the GPCC's New Gauge-Corrected Precipitation Climatology
The oceanic and terrestrial water exchanges (transports) as part of the hydrological cycle are converted into volumetric sizes of precipitation and evaporation by using the areal extents for the land, ocean and global surface from Table 2 in [2] .
A global land surface precipitation (for the period 1951-2000) of 790 mm is equivalent to a water transport of 117,600 km 3 per year. This is slightly higher than the estimates of 117,000 km 3 per year derived from GPCC's previous climatology dataset [2] or the 116,500 km 3 per year for the early 20th century evaluated on the basis of a closure of the water and energy budget [14] .
While the previous estimate of the Global Runoff Data Centre (GRDC, 2009) for the "global" runoff (excluding Antarctica and Greenland) into the world oceans was only 36,109 km 3 per year [27] , the new GRDC estimate [28] is significantly higher, at 41,867 km 3 per year. In contrast to the previous version, the new estimate based on the hydrological model WaterGap 2.2 includes the water runoff for Greenland, being on the order of 420 km 3 per year. Based on the same global hydrological model, authors of [29, 30] found runoff estimates of a similar order when taking the correction for the gauge undercatch into account. Since the WaterGap 2.2 model does not include glacier dynamics, we added 280 km 3 per year attributed to iceberg calving in Greenland [31] to the GRDC estimate. Together with a runoff estimate for Antarctica of 2613 km 3 per year [32] this resulted in a total surface runoff of about 44,800 km 3 per year. Lacking other quantitative information for the annual groundwater flow into the oceans we assumed this quantity to be on the order of 1000 km 3 , and arrived at a total runoff (rivers and groundwater) of about 45,800 km 3 per year, close to the recent estimate for the global runoff of 45,900 km 3 per year [14] .
For continuity reasons, the transport of water vapour by advection from ocean to land has to be of the same order as the total runoff, leading over land to an evapotranspiration of 71,800 km 3 per year. Figure 11 shows the global water exchange quantities for precipitation, evaporation/evapotranspiration separately for ocean and land, respectively. The precipitation over land is derived from the 2015 release of GPCC's climatology. The total runoff of 45,800 km 3 per year is based on the new GRDC estimate [28] plus runoff estimates for Antarctica and Greenland and a groundwater component. The precipitation estimate of 386,000 km 3 per year over the ocean is based on [13, 14] and new data from GPCP V2.3 [25] . With the transport of water vapour from ocean to land of 45,800 km 3 per year, the evaporation over the oceans should be 431,800 km 3 per year, and the total water exchange by precipitation/evapotranspiration can be estimated to be about 503,600 km 3 per year, being equivalent to 987 mm precipitation per year on global average. 
Conclusions
To compensate for the systematic gauge-measuring error (a general undercatch of true precipitation by the rain gauges), we derived a weather-dependent correction firstly aggregated on a daily basis and finally averaged for each month of the period 1982-2015 on the basis of weather reports from synoptic stations exchanged via WMO's GTS. These correction factors averaged for each calendar month of the entire period 1982-2015 were then compared to the widely-used bulk correction factors evaluated for climatological conditions [8] . The findings in [6, 7] that for the 2 years 1996, 1997 L&W1990's bulk climatological correction tended to overestimate the gauge-measuring error was confirmed in the intercomparison in Section 4. L&W1990 overestimate the gauge-measuring error in Central and Eastern Europe, including the BALTEX area, in particular in the northern winter, and in Central and Southern Africa and over entire South and Central America, including the LBA region, throughout the year. Over Canada, however, L&W1990 have almost no correction and significantly underestimate the systematic gauge-measuring error. This is largely consistent with the findings in [33] . 
To compensate for the systematic gauge-measuring error (a general undercatch of true precipitation by the rain gauges), we derived a weather-dependent correction firstly aggregated on a daily basis and finally averaged for each month of the period 1982-2015 on the basis of weather reports from synoptic stations exchanged via WMO's GTS. These correction factors averaged for each calendar month of the entire period 1982-2015 were then compared to the widely-used bulk correction factors evaluated for climatological conditions [8] . The findings in [6, 7] that for the 2 years 1996, 1997 L&W1990's bulk climatological correction tended to overestimate the gauge-measuring error was confirmed in the intercomparison in Section 4. L&W1990 overestimate the gauge-measuring error in Central and Eastern Europe, including the BALTEX area, in particular in the northern winter, and in Central and Southern Africa and over entire South and Central America, including the LBA region, throughout the year. Over Canada, however, L&W1990 have almost no correction and significantly underestimate the systematic gauge-measuring error. This is largely consistent with the findings in [33] . Due to the, in general, small-scale nature of extreme precipitation events, a denser station network is more likely to catch such extreme events, leading to a tendency towards slightly higher precipitation values with an increasing number of stations in the precipitation climatology. Other causes might be variations in the global circulation, for example in the context of a more frequent occurrence of ENSO events during the more recent decades [22, 23] , or changes related to aerosols [34] .
With global warming, evaporation, especially over the oceans, is enhanced, leading to more precipitation. According to the Clausius-Clapeyron relationship per K of warming and energetic constraints an increase in global-mean evaporation and precipitation of 2%-3% can be expected [35] , as also demonstrated by climate model simulations [15] . While over oceans a simple relationship between an increase in surface temperature and evaporation/precipitation can be expected, the situation is more difficult over land. The water that is evaporated (E) in excess of precipitation (P) over the oceans (P-E negative) is transported by advection to the land. Besides that, over land an increase in temperature can only trigger more evaporation if enough water is available (soil moisture), but not when the soil has dried out, so the change in precipitation over land might be even less than 2%-3%.
In contrast to global temperature, the energetic constraints for the hydrological cycle are weaker [35] . Therefore, the expected 2%-3% increase in global precipitation (which may be even less over land) is hard to detect given the large variability of precipitation in space and time (small signal-to-noise ratio). In [36] , issues with the sampling of rain-gauge networks are discussed and it is vividly pointed out that the pure orifices of all the rain gauges in GPCC's precipitation climatology would cover only about the area of half a soccer pitch (without regarding the spatial representativeness of the gauges).
The GPCC will continue its work to enlarge and further improve the quality of its database to reduce the sampling issues. The problems with the varying data coverage will be overcome with homogenized precipitation analysis for Europe (HOMPRA-Europe) by the GPCC, with quite homogenous data coverage over 1951-2005, which will be available soon, followed later by a second analysis on a global-scale. This will minimize the effects of varying data coverage over time and help to study precipitation trends.
Another way to solve the sampling issues is the combination of GPCC's precipitation analyses with remote-sensing (i.e., satellite or radar) datasets, which have a near-global coverage, as this is done for example with the GPCP datasets [24, 25] .
The different gridded monthly precipitation datasets of the GPCC are freely available via the GPCC homepage [37] .
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